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PHEGRY OF NUCLEAR BREAKUF

[Folloving is the translation of an articls by Ya. B.
Zel'dovich and Yu. A. Zysin entitled #Y Tecril Razvala
Yader (English verslon above) in Zhurnal Eksperimentalaoy
i Teoreticheskoy Fiziki (Journal of Experimental and
Theoretical Physics) Vol. 10, No. &, 1940, pp 831 --

€34 |

The possible state of a nucleus during the instant of its
disintegration into two approximately equal nuclel is considered.
Calculation of the snergy of two contiguous ellipsolds of revolution
contradicts the predictions of Ya. Z.‘Frenkel' in favor of the exis-
tence of essentially non-spherical nuclei. The order of magnitude
obtained for the value of the energj of the ellipsoids mekes it
possible to describe gatiafectorily the cbserved formation of several %

fast neutrons during each act of breakup, as the evaporation of

these neutrons by the fragments excited during the fission process.

Bohr's theory describes the nucleus as a liquid drop with uni-
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. gefinite heet of thelr evaporation, and also surface tension of ths |

form charge density, from which electrostatic energy flows out. The

short-range attraction forces of the nuclear particles causes a

drop.

In 1939, the most important success of the theory was the
degeription of the fisgion of heavy nﬁclei under the influsnce of
ﬂeutroé bombardment into two approximetely equal fragoents, accown-
panied by the releage of tremendous ensrgies {100 -- 200 Mev) even
for radioactive processes, and the formation of several neutrons
("neutron dusth) dwing the breakup. This was discoversdry Meitner
and Frisch /I7. This last feature is of particular interest, since
it opens up a principal poseibility of & chain breakup of macro-
scopic quantities of wranium [27. Figssion theory, which has been
developed in detail by thres physicists -—- Bobr (Denmark), Wheeler
(U.5.4.) and Frenkel' (USSR) /37, there is provision for the
stability of the spherical form of & uniformly-charged drop of an
incompressible liquid, having definite surface teasion.

It is shown that the spherical shape becomes unstable .

under small deformations when the ratio of the electrostatic ensrgy
E to the surface energy O becones

ElO>9 )

Furthermore, ail three msntioned authors consider two contiguous

spherical nuclei, obtained by fission of the initiel nuclei. It is
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“easy to Aeternine thn;t The ihergy o tvb:oontiéuous spheres of half
: the volume is equal to or less than the energy of the initial sphers,
if for the latter "

| E0>242. o @
Let us introduce a certain perameter a, which describes t&
course o} the fission, and for convenience in graphical rqpreuntatlon
we shall choose a such that for " an initial nucleus of spherical
ahnpe a = O, * During the instant when thse two pmoducad nuclel are
oontiguoua in & point (which is an essential stage in tho ﬁ.as.ion) >
as= 1; finally, when the produced nucled have moved an infinite dis—
tance apart, a = 2.

* .'.l'ha figure 2,17 given by Frenkel' is the result of an

arithmtio error, since the oorruponding formula in bis o.rtiole

' . 9l ‘5 2'4
AW = E( —-2--—-»-2‘»-)-. (2'(5__1)

was uritten inccrrectly. See also a plot of the function £* (x) (the
cited paper by Bohr Aand Wheeler, Fig. 4), #(x) = 0 when x = 1.2,

}uher‘e x = E/20 is the Bohr paramster.

L

‘ For the valus

| 2<Eo<242 ®)
%the above caloulations lead to the variation of the onergy dnring the

pourse of the breakup as nhwn in Fig. 1 by means of the solid 1lins,




(=)

r—

—— s © o
- o

£ ]
‘g 1\ y
P '
e
. s
Pac, 3.
Flg. 3.
1
— K e




o s et

o

~The 1ot segment OA 1s the'_zj;_sult SF %he caloulation of the M}
small deformetions of the drop xxiq;t E/C > 2 the right portion %
BC ig the result of the caloulstlca of the energy of tve small [
spheres as functions of the distance. From the comparison of the
tuwo solid lineé given in Fig. 1, two‘easentially different conclusions:
cgn be drauwn, |

1. By joining the solid segments with a smocth curve {(dashed
curve, total curve 0aBG) we of necassily cbisin an energy ainimun st
& < 1. Paysically this means that the heavy nuslel have a stable
form different from sphsrical {Frenkell),

2. Ancther possibility -- disintegration through a form which .i
d3iffers from the twc equal contiguous spheres —— Wida] perturbed
form" (Bobr and Whasler). If a sufficiently smell energy corragponds é
to this form (poimt D, Fig. 1), the reascos for the ideas of stable
non~apherical shapes dlsappear.

The celculations wiich are the subject of the pregent article
pertain precisely to the saergy at the inatant of the disiategrstion,
i.e., to finding the ordinetes of the polat D, &= 1.

It is easy to find that for & given charge and voluse, pair-

like shepes have the minimal energy st the lnstani of contact.

However, even caleulstion for elllipsoids of revoiuiion which

8 grolate along the iine of centers (Fig. 2) gave sufflclently

Pefinite gualitative results.
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A section through thc ?inpsoma is shown in Fig. 2 by means
of a solid line. The length of the major semi-axis is dencted by o,
| and that of the minor semi-axis by b. At a given ratio c/b, each of
| the semi-axes can be readily obtained from the condition of conserva- |
tion of volume | |
2ebr=r, @
where rp is the radius of the initial nucleus.

We obtain the surfape energy from the well known formula

0=2ab (% +L arcsins)s | o .
vhare s VT D0
-: _The /. eleotrostatic energy of an individual ellipsoid
| 18 detérnined from the formule . -
| e o

It is somewbat more ccnplicatad to determine the mutual energy
of the ellipsoids. An exact anslytic caloulation for the mutual
;mg of two ellipsoids, based on the method proposed by laguerre
L4 for the particular cass of two homogeneous prolate ellipsoids of
rovolution, yields ths formula |

9 (s ot d d«n(l—-t!m-ﬂo’)_,
R 0

‘ i
" The caloulation of this formula has led to a verycumbersoma
expression, containing more than 100 teras. A caloulation carried out
for o/_b = 2 gave results which coinoide within 3% with the oorres-

* |ponding data of the approximate method proposed below, which was used




o oarty out all the oalcuhtim:, T |
If 1t is considered in addition that the mutual energy dmounts .
to only part of the totel energy, then the possible error in the
calculation of the total energy will be on the order- of a fraction
_of the percent. For a specified charge (e/2) of each of the cliip-
solids and a didancc 20 betueen centers, the electrostatic energy
of interaction is cbtained in an elementary manner from two limiting
cases: "
.. | the : .
When b = ¢, sphires,,\th;g}i_ms‘of Fig. 2 | : o 1
B | ®

.. Par b~» 0 "rods,” ** dotted line, Fig. 2:

-

= A. - ‘ E,,= %&(_%)2 | 9.

;

#* On a rod obtained by a transitlion to the limit from an
ellipsoid, the charge denaity is distributed not vunifcrnly, but in

accordance with the law y ~ (<=/2)2 - 32, where 3 is the diastance

from the center of tha rod.

"’_ In the region of interest to us
' . o<h<e o (10

e interpolate in accordance with the formula

. . 1 e\ o
' E""‘\/s.mez"‘-.-o.'%"'bz' (2) T )

The form of formula (11) represents simplest ideas concerning

PURIESTER




thn dependence of the on.orgy Fq.z on b, anﬂ the ‘odeffiolents in (11)
are chosen:such as to aatury the two l:lm:lting expregaions (8) and
9). N |
| 'I‘ha results of the ealcuhtj,ona are summarized in Table 1. For

veferred to the surface energy of ‘the initial 'nucleus:,, the first
colusn contains the energy of the initial nucleus, and the following
columns the energies of the two contiguous ellipsolds obtained from

' ‘As ocan be geen from Table 1, the minimum energy is reached and
the investigated interval of E/O when
3<eb<4. (12) '
Tﬁblo 1 i
1) /0 of the initial nucleus, 2) (E + o)/b of the initial

nucleus

Q 1 2 3 4 ]
napa ® ne. up@
260 360 | 8381 $414 '3318 | 3312 3498
240 340 8402 3254 318 | 3180 3293
220 320 3231 3,095 1038 3050

300 3,047 2999 2.898 2918 2.929
180 2.80 2.869 2719 2788 2.189 2.807
1.70 270 2718 2.70 2686 ‘1 273 2.747
165 265 2734 2659 | 2650 | 269 2.718
Lo 255 2689 2.620 2614 2658 2687
140 240 2511 2462 2473 2527 2.565

' This energy is less than the energy of the initial nucleus when
B0 > 1.65.

diffmnt ratios E/O of the nitial nusleus, we give the energiss . "'

the initial nucleus, for different values of o/b = 1, 2, 3, 4, and 5.

e i s < e g
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The nuclsus for which relation (3} nolds cannot be in the form

e o]

of a gphere, Nor can it disintegrate via contiguous spheres. Cur
caleuwlation shows, howaver, that the disintsgration via two prolats i
contigucus ellipseids is potl forbidden.

For the interval |

165 < E (1.2 . ;

our date on the variation of the energy during the breakup process
sre shown in Fig, 2, wheve all the synbols etc. are taken from Fig,
i,

The segment OMh (where M is the maximun spergy) is iakea from
Bohr, The position of the point D, corrssponding to two ellipscids,
is teken from ouwr own dats. Since in the indicated interval 1133
the point D is localed pelow B, there are no grounds for
assuming the presence of sny additlonal minima in the interval.
Confining ourseives %o an analysis of spberss (segment BC), ws would
arrive at entirely diffsrest conclusions, whleh have no connection

with reality.

Considering instead of elllpsolds seymoetrical palr-shaped
forms, we would undoubtedly reduce the lower limit lgiﬁ).

Finally, comparing the energy at the point D with tbe snergy of
the point M, but not at the point O (Fig, 3), we should obtain Ep <

Ey for all valuss of E/C.

It is curious that after moving an infinite distance apart, the
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energy of the two of ellipsoids is naturally greater than the
energy of two remcte gpheres (ses placement of points F and C for
' a =2 in Figs. 1 amd 3). ‘ %

The energy difference reaches 3.5 E/0 ~ 1.8 = ¢/b approxi-
mately 0,078 0 {0 is the surface energy of the initial nucleus), loeuy;
approximately 42 Mev for each produced nucleus. The excitation ,
snergy of the nucleus will be converted primarily into evaporation '
of neulrons., With a relatively low binding energy of ths neutrons
in s nuclel of fragments having an anomalous ratic of charge to mass,
one can thus explaln the emission of & considerable number of neu-
troas per f{ission eveat, and also the freguently observed very large
neutron energles /5/. T :

Actually, even in the case when the fisgslon proceeds via tuc '
contiguous ellipscids, their shape changes upon further elongetion, _
The calculations of part of the energy of deformation of the fragments,
which is converted intc kinetic energy, and of that part which can be
jsed in the form of excitation energy far evaporation of neutrons, is
8 problem in the dynamics of a nuclear liquid, a field which has not ‘
iyet been fully developed, |
- The purpoée of owr elementary caslculationa consists of obtaining

the i
indication of mx order of magnitude of the possible excitation

nergy. In any cess, the evaporation of neutrons by excited fragments

ppears to us more likely than thes mechanism proposed by Bohr and

o v am——a mabar _-
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Wheoler, Bolr and Wheeler nots that usually several small drops are

placed at the point of aclpaion when .
two, and identify the neutrobs

drops.,

one drop is

- precigsely with these small
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